In recent years, rhodamine B in soil has increasingly polluted the natural environment, so it is important to explore suitable treatment techniques. In this paper, thermal desorption repair technology was used to treat rhodamine B in experimentally simulated contaminated soil. Single factor experiments were designed to study the influences of different factors on the desorption rate. The results showed that different heating temperatures, heating times, soil initial moisture contents and rhodamine B initial concentrations could lead to different desorption efficiencies of rhodamine B in soil samples. When the initial concentration of rhodamine B was 90.91~915.08 mg/kg, the desorption rate was in the range of 31.87%~79.19% under the conditions of a heating temperature of 300 °C, a soil initial moisture content of 15% and a heating time of 50 min. Our work could provide theoretical support for the promotion and application of thermal desorption technology in the repair of rhodamine B contaminated soil.
INTRODUCTION
Rhodamine B, a common organic pollutant and a synthetic basic dye, is sometimes called flower pink, basic rose essence, or rose red [1] . It is a magenta powder or green crystal at room temperature, and its aqueous solution is bright pink [2] .
Rhodamine B has been widely used in industrial dyeing and can also be utilized as a cytofluorochrome in the laboratory [3] . Previous studies have shown that rhodamine B intake can lead to headache, dizziness, nausea, increased white blood cell count and other symptoms of poisoning [4] [5] .
At present, it is very common that the abandoned dyes are heaped arbitrarily, which results in the pollution of water and soil. However, current research in this field mainly focuses on the treatment of water pollution [6] , but seldom pays attention to the treatment of soil pollution. Through investigation on the soil around a dye factory in Luoyang City, Henan Province, it was found that rhodamine B had caused varying degrees of contamination in the soil [7] . The rhodamine B contamination can lead to the yield decline and quality degradation of crop and may adversely affect the atmosphere, water, human body, and so on [8] [9] . Therefore, it is of great urgent to remediate the soil contaminated by rhodamine B.
Thermal desorption is a physical separation process by which the contaminated components can be evaporated and separated from the soil by thermal energy. It has the advantages of high removal rate, soil reusability, and desirable safety [10] .
Liu [11] used thermal desorption remediation technology to remediate organic phosphorus-contaminated soil. The results of comprehensive simulation and field tests showed that the removal efficiencies of dichlorvos, omethoate and phosgene in the soil reached 92%, 96.1% and 98% respectively when the thermal desorption system temperature was 400 °C and the residence time was 30 min. Besides, the removal rates of other organophosphorus pollutants in the soil ranged from 92.4% to 100.0%.
Zhu et al. [12] prepared contaminated soil samples by using decabromodiphenyl ether and Beijing Chao soil, and optimized the thermal desorption treatment parameters for the soil samples contaminated by polybrominated diphenyl ethers (PBDEs). When the decabromodiphenyl ether concentrations in soil samples were 500, 800 and 1000 μg/kg, the removal rates of PBDEs were 63%, 81% and 94% respectively.
Qi [13] used thermal desorption remediation techniques to treat the soil contaminated by polychlorinated biphenyls (PCBs) at medium and high concentrations. It was found that the temperature had a significant effect on the desorption efficiency of PCBs. Under the conditions of a thermal desorption temperature of 600 °C and a residence time of 60 min, the removal rate of PCBs could reach 96.1%; by contrast, when the temperature was 300 °C and the residence time was still 60 min, the removal rate of PCBs was only 64.2%. Merino and [14] studied the effect of system temperature on the release of hexadecane from soil by thermal treatment at different temperatures of 150~800 °C. The results showed that the contaminants could be removed almost completely from the soil matrix (99.9% DRE) at about 300 °C; however, too high temperatures above this value could not improve the removal efficiency noticeably.
In recent years, thermal desorption technology by the treatment of contaminated soil has developed rapidly. However, the relevant basic research mostly focuses on the repair treatment of the soil contaminated by PCBs, aromatic hydrocarbons and other contaminants, whereas the thermal desorption of rhodamine B in soil has not been reported in existing literature. In view of this, we will explore the use of thermal desorption of rhodamine B in the contaminated soil in this article.
EXPERIMENTAL PART

Soil for Trial
The actual contaminated soil samples were collected from the southern tip of Shuyang County, about 60 km from Luoyang City, Henan Province. A large amount of rhodamine B was dumped for a long time. As a result, the soil was red on the whole, except that some individual parts were purplish red. The soil was acidic and had a high compactness. The total water content was relatively low. The concentration of organic matter in the soil ranged from 3.7 to 6.6 g/kg, and that of rhodamine B ranged from 424 to 1280 mg/kg. In order to exclude the possible influences of the pollution process and pollution time on the composition of soil samples, the experiment was conducted by laboratory simulation of contaminated soil samples for testing and analysis. The soil samples and contaminated soil samples for test were taken from the suburbs of about 60 km east of Luoyang City, Henan Province. The soil that was not contaminated by rhodamine B was tawny with soil moisture and no compaction [7] , and vegetation could grow vigorously there.
With reference to the actual contaminated soil samples, rhodamine B was added to the uncontaminated soil samples to prepare nine simulated soil samples. After 
Test and Analysis Methods
10 g simulated soil sample was weighed accurately in a 50 mL crucible. The heating time, heating temperature and other conditions were set and the soil samples were heated in the muffle furnace.
In the experiment of investigating the influence of heating temperature, the heating time was set as 50 min, the initial soil moisture content was set as 15%, and the initial concentration of rhodamine B was set as 90.91~3462.54 mg/kg respectively. The experiment was conducted respectively at the heating temperature of 50 °C, 100 °C, 150 °C, 200 °C, 250 °C, 300 °C, 350 °C, 400 °C or 450 °C.
In the experiment of investigating the influence of heating time, when the initial concentration of rhodamine B was 90.91~915.08 mg/kg, the heating temperature was set at 300 °C and the initial soil water content was 15%; When the initial concentration of rhodamine B was 1774.23~3462.54 mg/kg, the heating temperature was set as 350 °C and the initial soil water content was 15%. The experiment was conducted respectively at the heating time of 10 min, 20 min, 30 min, 40 min, 50 min, 60 min, 70 min or 80 min.
In the experiment of investigating the influence of initial concentration, the heating temperature was set as 350 °C, the heating time was 10~80 min, and the initial soil moisture content was 15%. The experiment was conducted respectively at the initial rhodamine B concentration of 90.91 mg/kg, 170.83 mg/kg, 320.68 mg/kg, 535.46 mg/kg, 650.35 mg/kg, 915.08 mg/kg, 1774.23 mg/kg or 3462.54 mg/kg, and the corresponding number of soil samples was 2, 3, 4, 5, 6, 7, 8 or 9 respectively.
Detection Method
DETERMINATION OF RHODAMINE B IN SOIL SAMPLES
The concentration of rhodamine B was determined by spectrophotometry [15] . Firstly, rhodamine B in soil samples was extracted. 1 g soil sample was sieved through a 100-mesh nylon sieve, and then added into 20 mL mixed solution of acetone and n-hexane (the volume ratio of acetone to n-hexane = 1: 4). The mixture was allowed to stand to separate the supernatant, and then the residue was added into 10 mL mixed solution of acetone and n-hexane for repeated extraction. The extract was added to an alumina column for standing. When the liquid was colorless, methanol was dripped to wash and collect rhodamine B. Before determining the concentration of rhodamine B using spectrophotometer, the consumed methanol volume was recorded. A 722 spectrophotometer was used in the test, with a wavelength range of 330~800 nm, a wavelength accuracy ≤ ±2 nm, and an absorbance measurement range of 0.000~1.999 A.
SOIL MOISTURE CONTENT
About 10 g original soil sample was placed in a dry aluminum box with lid (with a weight of g0). The weight was weighed and recorded as g1. The aluminum box with lid open was put in an oven at 105~110 °C (the lid was placed near the aluminum box). After 6 h, the lid was covered and the aluminum box was taken out to a desiccator. The aluminum box with lid was cooled to room temperature and then weighed. Its weight was recorded as g2. Thus, the soil moisture content could be calculated.
Reagents and Equipment
The used reagents included: rhodamine B; methanol, n-hexane and acetone (to measure rhodamine B in soil samples); potassium dichromate, sulfuric acid, ferrous sulfate, silver sulfate, silica and phenanthroline (to determinate soil organic matter content). The main apparatus and required equipment are shown in Table 1 . 
RESULTS AND DISCUSSION
Influence of Heating Temperature Figure 1 shows the residual rate of rhodamine B at different heating temperatures. As can be seen, the residual rate of rhodamine B decreases first and then remains stable with the increase of temperature; the higher the initial concentration of rhodamine B in the soil sample, the smaller the residual rate of rhodamine B. The residual rate decreases slowly at about 100 °C, and then decreases rapidly at about 150 to 300 °C. However, when the heating temperature reaches 400 °C, if it continues to rise, the decreasing rate of the residual rate slows down and basically stabilizes eventually. This may be due to the fact that the desorption of rhodamine B from soil at low heating temperatures mainly relies on the volatilization effect. With an increase in heating temperature, the gasification of rhodamine B from soil is accelerated [16] , so the decreasing rate of residual rate is very rapid. However, when the temperature rises to a certain value, the residual rate does not decrease any longer.
In addition, it can also be seen from Figure 1 that the most suitable temperature for the desorption of rhodamine B is not the same for different initial concentrations of rhodamine B in soil samples. The most suitable temperature for rhodamine B soil samples with initial concentrations of 90.91~915.08 mg/kg is 300 °C, while that for rhodamine B soil samples with initial concentrations of 1774.2~3462.54 mg/kg is 350 °C. Figure 2 shows the residual rate of rhodamine B at different heating times. As can be seen, with the increase of heating time, the residual rate of rhodamine B gradually decreases, and the decreasing rate gradually changes from slow to fast. Then, if the heating time continues to increase, the decreasing rate of the residual rate slows down and finally tends to be stable. In the early stages of desorption, water and other volatile substances can be removed by heating, so the residual rate presents a decreasing stage at the beginning. When those volatile substances such as water are completely evaporated, the residual rate of rhodamine B gradually stabilizes.
Influence of Heating Time
In addition, it can be seen from Figure 2 that the most suitable heating time is not the same for different initial concentrations of rhodamine B in soil samples. When the initial concentration of rhodamine B in soil samples is 90.91~915.08 mg/kg, the most suitable heating time is 50 min; when it is 1774.23~3462.54 mg/kg, the most suitable heating time is 60 min. Further extension of heating time cannot induce an obvious decrease of residual rate, but increases the energy consumption of the muffle furnace. Besides, too long heating time may even lead to the deactivation of soil properties. Hence, the heating time should not be too long. Figure 3 shows the residual rate of rhodamine B at different initial concentrations. It can be seen that when the heating time is the same, the residual rate of rhodamine B decreases as its initial concentration increases. When the initial concentration of rhodamine B in soil samples is low, the desorption rate is also low; by contrast, for the contaminated soil samples with higher rhodamine B initial concentration, the removal effect of thermal desorption is very obvious. This phenomenon can be attributed to the different adsorption and desorption properties of rhodamine B with different initial concentrations. When rhodamine B has low initial concentrations in soil samples, rhodamine B molecules can be firmly adsorbed by soil particles and it is difficult for them to desorb from the soil; with the gradual increase of its initial concentration, the adsorption capacity of the soil is saturated so that some rhodamine B molecules are directly exposed on the soil surface [16] , thus facilitating the desorption of rhodamine B from the soil. 
Influence of Rhodamine B Initial Concentration
CONCLUSIONS
Heating temperature affected the thermal desorption efficiency of rhodamine B in soil, and the most suitable temperature was not the same for different initial concentrations of rhodamine B in soil samples. The most suitable temperature for soil samples with rhodamine B initial concentrations of 90.91~915.08 mg/kg was 300 °C, while that for soil samples with initial concentrations of 1774.23~3462.54 mg/kg was 350 °C.
Heating time affected the thermal desorption efficiency of rhodamine B in soil, and the most suitable heating time was not the same for different initial concentrations of rhodamine B in soil samples. When the initial concentration of rhodamine B in soil samples was 90.91~915.08 mg/kg, the optimum heating time was 50 min; when the initial concentration was 1774.23~3462.54 mg/kg, the most suitable heating time was 60 min.
Initial concentration of rhodamine B affected the thermal desorption efficiency of rhodamine B in soil. When the initial rhodamine B concentration was 1774.23~3462.54 mg/kg, the desorption rate of rhodamine B could reach 35.12~80.78% under the conditions of a heating temperature of 350 °C, a heating time of 60 min and an initial soil moisture content of 15%.
In addition, soil initial moisture content also had some slight effects on the thermal desorption efficiency of rhodamine B in the soil. Under the given experimental conditions, the highest desorption rate could be obtained at the initial soil moisture content of 15%. 
